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ABSTRACT

The nonlinear buckling analysis of geometrically imperfect, thin circu-
lar, cylindrical, stiffened shells under pure torsion and torsion combined
with axial compression, for various transverse and in-plane boundary condi-
tions, is first performed. A methodology is presented for predicting criti-
cal conditions (limit point loads) for such configurations. This methodology
is based on the smeared technique (closely spaced stiffeners), the von
Karman-Donnell nonlinear kinematic relations in the presence of initial im-

perfections, and linearly elastic behavior. The computational procedure

employs a Fourier series type of separated solution and by employing the
Galerkin procedure in the circumferential direction and identities of trigo-
nometric functions the field equations are reduced to a system of ordinary
differential equations. These equations are then solved by the finite dif-
ference scheme. Numerical results for numerous stiffened and unstiffened
configurations are presented. Some of these configurations are used as
benchmarks for the developed methodology, since numerical solutions for them
have been reported in the open literature.

Then, the effect of initial geometric imperfections on optimal stiffen-

ed configurations is assessed. This is accomplished by computing the criti-
cal load at the optimum design point as well as at design points in the sur-
rounding space for a given geometric imperfection. The optimum point was
obtained through the use of linear buckling analysis. The comparison shows
(in this case) that the optimum point for torsion-loaded perfect stiffened
cylinders is also the optimum design point for same geometry imperfect

stiffened cylinders provided that the proper factor is used with the applied

torsion to account for imperfection sensitivity. Finally, a summary of the

work performed under this grant is presented at the end of this report.
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NOTATIONS

Area

Fourier coefficients (radial displacement expression)
Fourier coefficient (imperfection expression)
Stringer and ring cross-sectional area

Fourier coefficients (stress function expression)
Flexural stiffness of the skin

Young's modulus of elasticity

Extensional stiffness of the skin

Stringer and ring eccentricities (positive inward)
Average unit end shortening,unit end twist

Stress function

Stringer and ring moment of inertia about their centroidal
axes.

Number of terms in truncated Fourier Series
Stringer and ring spacings

Mesh point

Total length of the shell

Moment resultants

Number of axial half waves

Stress resultants

Applied compressive load and applied torsion load

Classical buckling loads

Critical loads (limit point)




n Number of circumferential full waves

NP Number of points in axial direction
P Pressure
1 2
P Py Fourier coefficient (pressure expression)
R Radius of the cylinder
t Skin thickness
UT Total Potential
u,v ' In-plane displacements
w Radial displacement (positive inward)
w° “ Radial geometric imperfection
X,¥,2 Coordinate system
Z Batdorf curvature parameter [ = L2(1-v2)1/2/R.t]
€ 136 € Reference surface strains
XX" yy Xy
N MM Reference surface changes in curvature and torsion
XX" yy Xy
Xxx’-yy " Smeared extensional stiffnesses of stringers and rings
5xx’5yy Smeared flexural stiffnesses of stringers and rings
v _Poisson's ratio
()' =[1,x Derivative with respect to x

A Knockdown factor (for individual load application A = Ncr/ch)

R R ———



1. INTRODUCTION

Most of the investigations reported in the open literature (see Ref. 1
and the cited references therein for a complete and comprehensive historical
sketch) which consider buckling of imperfect shell configurations, employ an
isotropic constant thickness geometry and a uniform axial compression. Very
few consider other constructions and even fewer torsional loading. Looz, in
1954, reported the results of his investigation of the effect of initial
imperfections on the critical condition for simply supported, constant
thickness, isetropic, thin, cylindrical shell loaded in torsion. His formu-
lation contains numerous approximations and simplifying assumptions. Nash3
removed some of the simplifying assumptions and extended Loo's work to the
case of clamped boundary conditions. Both of these investigations have
made important contributions to the state of the art,but their reported
results can only be considered as qualitative.

A different approach, based on Koiter's initial postbuckling theory
(Ref. 4 and 5),was employed by Budiansky6 in dealing with the same problem

as Loo and Nash. Results were presented for classical simply supported and

two sets of clamped boundary conditions.

The present report is an extension of the work reported by the au-
thors in Refs. 1, 7. These references present the buckling analysis of im-
perfect, stiffened, thin cylinders of finite length under uniform axial
compression and/or lateral pressure, for axisymmetric or at most symmetric
imperfections and various boundary conditions. The present work removes

the limitation on the imperfection shape and considers individual or com-

bined application of uniform axial compression, lateral pressure (which can




be position dependent), and uniform end torsion. The methodology of Ref. 1
is modified in order to accomodate the general shape of the imperfection and
the new load conditions. Results of this investigation are presented both
in graphical and tabular form for several examples.

In addition, the optimization of imperfect stiffened cylinders under
torsion is investigated. This is accomplished by first finding the optimum
geometry of the corresponding perfect configuration by using linear buckling
analysis and a safety factor to account for imperfection sensitivity, and
then by assessing the effect of geometric imperfections on this optimum

geometry and the surrounding design configurations.




2. MATHEMATICAL FORMULATION

Given an imperfect (wo), stiffened, thin, circular cylindrical shell
of finite length, L, and various boundary conditions under the application
of axial compression, lateral pressure and torsion, the equilibrium equations
can be derived by employing the steps outlined in Ref. 1. By introducing

the Airy stress function as

L R

ol 1)
N =N_-F,

Xy Xy Xy

where ﬁxx is the applied uniform compression and ﬁxy is the applied torsional
stress resultant, the equilibrium and compatibility equations in terms of
w and F become
Eﬂ- 01 4+ R (w, .. ) - 2N__ (w, +iy )
DLh[W] - Lq(F] - R L(F, wii ] N (o Woyx Xy Xy Xy

kg @)

v,
1 (o] XX _ 3
L,F] + LqEWJ +5 L [w, wi2w ] + = =0 s )

where the operators Lh’ Lq and Ld are defined in Ref. 1, and p is the applied
pressure.

The expression for the total potential is given by
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where the coefficients oy and Bi are defined in Ref. 1, and the symbols

e, and Yav denote the average end shortening and average shear strain

AV

respectively. The mathematical expressions for these quantities are given

by

2R L

eAV [alF,yy + a2F,xx + a3w,xx

a,N - —
1 xx 2TRL 0 0

1 °\]
+ a4w,yy =3 Yy (w,x + 2w,x/ dxdy (5)
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(6)
Similarly, the expressions for the end shortening and shear strain

at y = 0 are given by

e(y=0) -1 f [ + ayF, .+ agv,  + av,
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The boundary conditions are developed in a manner similar to Ref. 1, k

and the general computer program is written so as to accomodate any combina- i

tion of transverse and in-plane boundary conditions (SSi, CCi, FFi’ i=1,2,3,4)

l. B, =F, =0
S w=M_ =0 y vy
2. F; =0; u=_~¢C
cc =w, =0 =¥ €))
%* 3. v=C; F, =0
FF Q =M =0

4., v=Cu=_¢C

where C is a constant, and the conditions in u and v may be expressed in
terms of w and F as in Ref. 9.

The first step in the methodology, employed herein as well as in Ref. 1,

is to reduce the governing equations, Eqs.(2) and (3)from a system of coupled

1 nonlinear partial differential equations to a system of coupled nonlinear
ordinary differential equations. This is accomplished by employing the

following separated form for w and F.

K
w(x,y) = Z [Ai(") cos i—?{x+ B, (x) sin i—;l]
=0
(8)
2K
F(x,y) = Z [Ci(X) cos i—;x+ D, (x) sin l‘éi]
i=0

In addition, if one considers the imperfection to be, in general, asymmetric

and the applied pressure position dependent, then similar expressions may be i

employed for w°(x,y) and p(x,y), E




K
wo(x,y) = z: [A;(x) cos 1%! + B:(x) sin LEXJ
i=0
¢))
K
p(x,y) = z [pi‘(x) cos E_EI_,, pi(x) sin 1—21]

i=0

The reduction to ordinary differential equations is accomplished
through the following steps.

(1) First, Egs. (8) and (9) are substituted into the cémpatibility
equation, Eq. (3). Then, by employing trigonometric identities involving
products and the linear independence of the sine and cosine terms, (4K +1)
coupled nonlinear ordinary differential equations are obtained. This sub-
stitution clearly shows why the summation in the F(x,y) expression is from

zero to 2ZK. These equations, which relate the Ai(x), Bi(x), Ci(x), etc., are:

for i =0

S
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for i =1,2,3,...2K
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(B) from the sine terms
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where the prime denotes differentiation with respect to x and

4 €0
0 £4>K )
5 ={ . T|={0 L =0 (13
AELE S SR
1 ¢£>0

(2) Second, Eqs. (8) and (9) are substituted into the equilibrium
equation, Eq. (2), and the error is made orthogonal to cos 1%! and sin i%!
for i = 0,1,2...K. This is a Galerkin-type procedure with respect to the
circumferential direction. The vanishing of the (2k+1) Galerkin integrals
leads to the following system of (2k+l) nonlinear ordinary differential

equations (equilibrium)




., fori=0

2q
2 " ( 11 (
A, (Dhu + qy,/ du) + & Rdll) + 4,

1 ) = (u "
2d + Nxx Ao + Ao)

11.
- p! '(2k) Z {qll[(A +2A)A +(Aj+2Aj)Aj
+ Z(A; 5 2A‘j") A; . (Bj - 213;) n; & (n; 5 213‘;")13j + Z(Bj' + 2B§')B;~]
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(14)

for i =1,2,...K

(@) when the weighting function 1is cos 1%1
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(B) when the weighting function is sin 1—;1
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Note that the equations governing the response of the imperfect configuration
to any level of the appl?ed loading (ﬁxx’ﬁxy’ pi and pf) for a given shape
and magnitude of the imperfection (A:,B:) are reduced to a systemof (6k+2) equa-
tions, Egs. (10),(11),(12),(14),(15) and (16), in (6k+2) unknowns, Ai(i-O,l,..
31(181,2...k), Ci(i=0,1,...2k), and D1(1=1,2...k). Note that Cd through
Eq. (1), has been eliminated from the remaining equations. In these goverming
equations, one more undetermined parameter is present, the wave number, n.
This number is established by requiring the total potential to be a minimum

at the critical condition (see Refs. 1 and 9). Because of this, the expression

for the total potential i needed, which is given below
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P

In addition, the expressions for the average end shortening and shear

strain [see Eqs. (5) and (6)] become
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K
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Note tﬂat, in the total potential expression, Eq. (17), one must use
Eqs. (18) and (19) for e\ and'yAv; but Eqs. (20) and (21) are listed here
because in plotting load versus some characteristic displacement or rotationm,

they are used for these characteristic parameters. The reason for their use

instead of that of the average values, Eqs. (18) and (19), is that better

and more distinguishable plots are thus possible.
Finally, the appropriate boundary conditions are also expressed in

terms of Ai’ Bi’ Ci and Di'
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3. SOLUTION PROCEDURE

The solution procedure employed herein is a modification of the proce-
dure described in Ref. 1. A generalization of Newton's method, applicable
to differential equations, serves to reduce the nonlinear field equationms,
Eqs. (11), (12), (14), (15), and (16), and the appropriate boundary conditions
to a sequence of linear systems. In this method, the iteration equations are
derived by assuming that the solution is achieved by a small correction to
an approximate solution (initially taken as the linear solution). These

small corrections are obtained from the solution of the linearized (with

respect to the corrections) differential equations. The ordinary differential
equations are cast into the form of finite difference equations as in Ref. 1.

The unknown vector Z contains (12K+2) elements

{z} = {Ab,Al....AK,Bl....Bk,cl....CZK,DI....DZK,

non non won wooon
Ao,Al,....AK,BI....BK,CI....CZK,DI....DZK}
Note that the second derivatives (of Ai’Bi’Ci and Di) are considered as inde-
pendent elements cf the vector {z}.

By using one fictitious point on each exterior side of the cylinder ends,
one can write a systemof (12K+2) (NP+2) difference equations, where NP denotes
the number of mesh points. This system of difference equations can be solved
by the special algorithm reported in Ref. 10, when a unique solution exists
for a given set of applied loads. When the set of applied loads corresponds
to a critical condition (limit point), a unique solution does not exist and
thus the solution of the system of difference equations fails to converge.

On the basis of these observations, the description of the solution procedure

15
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is as follows: First, the system of difference equations is solved for a
small level of the applied load. Then a multiple of this solution is used
for a small increase in the load parameter. At each step the value of n is
needed to accomplish a solution. To this end, different values of n are
used to obtain a solution. The solution that corresponds to the value of n
that minimizes the total potential is considered as the correct one for that
step. Numerical integration is used to find the total potential. The
number of n-values needed to be tried at each step is small, since the cir-
cumferential mode does not vary significantly with small increases in the
applied load. For the purpose of minimizing the time required to accomplish
a solution, judgement, based on experience, is used, which provides a balance
between load step size (and consequently number of steps) and number of n-
values at each step. Numerical integration is also used, at each step, to
compute the co~ ~g unit end shortening and/or average shear strain.
Finally, this p.ocec is continued until the solution of the system of
difference equations fails to converge. The associated load level corre-
sponds to the critical condition.

In the case of combined loads, the procedure is virtually the same, but
only one of the loads is increased while the remaining are kept constant.
The ones kept constant are those which are small by comparison to the linear
theory individual load application critical condition. For example, consider
the case of a configuration under the application of uniform axial compression,
ﬁxx’ and torsion, ﬁxy' For this case, suppose that one is interested in
finding the effect that a given imperfection has on the critical condition

(this means to find the critical curve in the ﬁxx’ ﬁxy-space that corresponds

16




to this imperfection, and compare it to the critical curve that corresponds

to perfect geometry and is obtained through linear theory). Through the
use of linear theory the critical curve can be found for a given structural
configuration (see Fig. 1). The intercepts denote critical loads under
individual application (from the typical curve of Fig. 1 these values are:

ﬁxx = 5A and ﬁxy = 8A where A is some numerical constant). From the
cr cr

L

nonlinear procedure, outlined herein for individual load application and a
given imperfection, one can find the nonlinear theory critical loads (see
Fig. 1, ﬁxx = 3A, and ﬁxy = 78). In order to find the complete curve

ey, ery
one can (a) fix ﬁxy = A and 2A and employ the methodology by increasing
ﬁxx to find points I and II and (b) fix ﬁxx = A and increase ﬁxy to find
point III.

There is an alternate approach in constructing the nonlinear critical
curve. This approach requires that both ﬁxx and ﬁxy be increased linearly
(along line OP corresponding to some angle ) in order to find the critical
combination, poiﬁtIII, for that 6 value. Then vary 6 from zero to m/2 and
the complete curve is generated.

Both approaches are incorporated into the computer program (Appendix A).

Regardless of the approach used, the ratio IBETTI/ |6§l is a measure of

the imperfection sensitivity (instead of |QIII| / laf'l). This ratio may be

called knockdown factor and denotedkby A.

17
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4. NUMERICAL RESULTS AND DISCUSSION

The present methodology is demonstrated through a number of illustrative
examples. Numerical solutions are obtained by employing the Georgia Tech
high speed digital computer CDC-CYBER 70, Model 74-28.

A general computer program is written, which includes the following
desirable features (Appendix A):

(1) It is applicable to a stiffened configuration, in either or both
directions, as well as to an unstiffened configurations.

(2) It accomodates all possible boundary conditions (SSi, CCi, FFi, etc.)
and it can easily be modified to accomodate elastic end restraints.

(3) The number of Fourier terms, K, can be as large as needgd for
accuracy. The same is true for the number of mesh points, NP, in the finite
difference scheme.

(4) The shape of the geometric imperfection is unrestricted.

(5) It is applicable to any individual or combined application of uni-
form axial compression, torsion, and space-dependent lateral pressure.

(6) The CPU time required to obtain a solution is reasonably small. For

example, by using K = 1 and NP = 57 (826 unknowns) a solution (critical load

and all intermediate steps) is obtained in 18 seconds. For low load levels
a convergent solution is obtained through two iteratioms. For load levels,
approaching the limit point, a convergent solution is obtained through six
jterations. The solution has converged if the percent difference in response
between two consecutive iterations is smaller than 10‘“.

The numerical results for all illustrative examples (ten) are presented

jn tabular form in Table 1. The geometric parameters and load conditions
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for each example number are shown on this table. In addition, the perfect
geometry (linear theory) results, the imperfection analysis results (present
nonlinear theory), and the associated knockdown factor, A, are shown. For
all ten examples the boundary conditions are taken to be classical simply
supported (SS3). Poisson's ratio for examples 4 and 5 is 0.3333 while for
the remaining examples is 0.3.

Examples 1, 2, and 3 have been reported in Refs. 1 and 7. The imper-

fection coﬁsidered, for these examples, herein is

o = 1 m———-.x 91 ‘_‘1)
w (x,y) t sin L (cos R + sin R/ °

Although a more general imperfection shape is used in this paper (in'Refs.
1 and 7 the imperfection shape was taken to be symmetric, cos %% only) the
results are the same because, in the absence of torsion, there is no coupling
between sine and cosine terms.

Examples &4 and 5 correspond to an unstiffened configuration under
torsion only, and they correspond to cases that have been worked out previously
(see Ref. 5) by employing a Koiter-type ;nalysis. The difference between.
these examples is the curvature parameter (Z = 10 for Example 4, and Z = 104
for Example 5). A comparison between the present results and those of Ref.

6 shows very good agreement for both cases. The imperfection for these two

examples was taken to be

5
wo(x,y) =8 Z [Am cos ‘—‘% + B_ sin BRXJ sin % (22)

w1

with § = t and where Am and Bm are the elements of the corresponding perfect

geometry linear theory eigenvector.
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E Note that in the case of torsion there are two differemt eigenvectors
(linear theory), one corresponding to positive torsion and one to negative
torsion. Since the imperfection shape is considered to be similar to this
eigenvector, the analysis is performed to check the effect of one on the
other. It is found that an imperfection shape similar to the positive tor-
sion eigenvector has, virtually, no effect on the load carrying capacity
when the torsion is applied in the negative direction, (The shell is in-
sensitive and thus A = 1). This reinforces the contention that the shell
is sensitive to imperfection shapes which are similar to the corresponding
perfect geometry linear theory eigenvector. This observation is made for
all other examples with torsional loads.

Examples 6 through 9 correspond to a stiffened configuration (same for
all four), imperfection shapes characterized by Eq. (22), and different
imperfection amplitudes (6 = t, 2t, 3t, and 5t respectively). The results
for these cases are also presented graphically on Figs. 2 and 3. Two ob-
servations are worth mentioning here. First, the '"guessed" postbuckling
behavior (see dotted line on Fig. 2) indicates that shells loaded in torsion
are not as sensitive to geometric imperfections as those loaded in axial
compression. This is in agreement with the qualitative results of Ref. 3.
Second, stiffened configurations of the same curvature parameter (based on
actual thickness) or a weighted curvature parameter (based on a weighted
thickness that includes the smeared stiffener contribution) are not as sensi-

tive as the corresponding unstiffened configurations. According to Ref. 6

(see Table 1; Case I, and Fig. 6 of this reference) the knockdown factor
for an unstiffened configuration with Z < 96 is definitely smaller than 0.6

| (/<0.6), while for these stiffened geometries A = 0.86.

i 22




Finally, Example 10 corresponds to the same stiffened configuration

as Examples 1 and 6 through 9 but under combined application of axial |
compression and torsion. The imperfection shape, for this example also, 1is
taken to be similar to the classical perfect geometry eigenvector. Since,

for this geometry, the analysis is performed for individual load application

(Examples 1 and 6), the knockdown factor is computed as described in the

previous section (see Fig. 1).
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(Examples 6-9).
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5. OPTIMAL CYLINDERS IN TORSION

Since no stiffened or unstiffened shell configuration is free of ini-
tial geometric imperfections, the optimization of such configurations re-
quires the specification of both the amplitude and shape of the geometric
imperfection and the use of a nonlinear buckling analysis in the solution
methodology. Both requirements present difficulties of various degrees, the
most serious of which is the inclusion of the nonlinear buckling analysis in
the optimization algorithm. Because of this, an alternate approach will be
employed. This approach is much simpler in terms of execution computer time
and does lead to a reasonable final solution. Before presenting and demon-
strating this alternate approach,let us state exactly the problem in hand:
Given an internally stiffened, thin, circular, cylindrical, imperfect shell
of specified material, radius, length, and imperfection (amplitude and shape)
find the size, shape and spacings of the stiffeners, and the skin thickness
such that it can safely carry a prescribed torsional load with minimum
weight.

The alternate approach consist of the following steps:

1) Employ a safety factor with the applied load, which accounts, among

other things, for tbe imperfection sensitivity of the stiffened shell.

2) Perform an optimization of the corresponding perfect geometry con-

figuration by employing the methodology described and demonstrated in

Ref. 11.

3) Using the specified imperfection, perform a nonlinear stability

analysis (see chapters 2 through 4) on the optimum configuration (from

step 2). Through this analysis find the corresponding knockdown factor.

If it is close to the guessed number used in step 1 proceed with the




remaining steps, otherwise modify the safety factor appropriately

and repeat steps one and two.

4) On the basis of step 2 the design space surrounding the optimum
configuration is available. Choose design points in this space (their
weight is higher than that of the optimum) and perform a nonlinear
stability analysis in order to establish the corresponding knockdown
factors. This comparison will establish the optimum design point

in the presence of specified initial geometric imperfections.

The entire procedure is demonstrated herein by employing a design

configuration of Ref. 11.

6.1 Design Example

The example used herein to demonstrate the optimization procedure is

Example 1 of Ref. 11. The specified parameters are given below:

=
n
o]
(9]
(=5
=}
tt
I

100 6. 3 E =E_ =& =10.5 % 10%sst.
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-

» X

“pn = Py = 0.101 lbs/in.3
The applied torsion (stress resultant) is taken to be 300 lbs/in. and by
assuming a safety factor of approximately 1.4 to account for imperfection
sensitivity (knockdown factor = 0.715) the design applied torsion used in
the linear buckling analysis optimization procedure (Ref. 11) is 418.5 lbs.
In considering various types of stiffeners in Ref. 11, it is concluded that
the best combination of shapes corresponds to T-stringers and rectangular
rings (TS-RR).

The imperfection shape assumed for all configurations is taken to be

similar to the linear theory buckling mode and the amplitude of imperfec-
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tion is taken to be the same for all design points employed in the com-

parison (8 = 0.1215 in.).
Note that the imperfection is characterized by
o 7 ny ny mx
w (X,y) =82 (A cos + B sin > sin —
% m R m L
n=0
where Am and Bm are elements characterizing the linear theory buckling
mode, each divided by the coefficient of the most influencing term. Through
this the largest of Am, B, is equal to 1.0 and the remaining absolute va-

lues are less than 1.0. Thus, the maximum amplitude of the imperfection

is given by i

7 -
1e ny BZ) . Ty
6=8| ¢ (Am cos Z& + B sin 3F) sin - ‘max

m=0

For all configuration considered, § is varied such that 5 is always equal
to0.1215 in. This represents an amplitude of approximately 2.5 times the
thickness of the linear theory optimum point (t = 0.05 in.). The under-
lying thought here is that, in order for the comparison to be meaningful,
the amplitude of imperfection must be the same for all configurations.

The geometry of all configurations employed in the comparison are
given on Table 2. The symbols used are the same as those of Refs. 1,7,8
and 11. Point 1 corresponds to the optimum point as obtained by employing
linear buckling analysis in the optimization procedure. Points 2 and 3
correspond to the lightest configuration for a given skin thickness or cur-
vature parameter, Z. Points la through le correspond to designs surround-

ing the optimum point but for the same value of the curvature parameter
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as the optimum point. Points 4 and 5 are discussed later.

6.2 Discussion

All of the design points, discussed above and listed on Table 2,

represent the linear buckling theory optimum design (pt. 1) and designs
surrounding this optimum (pts 2,3, la-le). Each one of these points was

then analyzed in order to find its load carrying capacity (buckling load)

in the presence of the same amplitude imperfection. The linear (perfect

% | geometry) and nonlinear (imperfect geometry) buckling loads are given on
Table 2.
The goal of the entire procedure is to find the lightest possible con-
! figuration, which can carry safely a torsional load of 300 lbs/in. A com-
parison among all designs shows that designs 1, and la through le, all can
carry safely approximately 300 lbs/in. The lightest, though, of all these
designs is point 1. Therefore, one may conclude that the optimum design
of the imperfect stiffened cylindrical shell is given by design point 1.
In order to strengthen the above conclusion one more question must
be answered. Before posing this question, though, let us state two obser-

vations based on linear theory optimization procedures. Given a stiffened

g R o B 0 Y My 7 W P I AT S s

cylinder of specified radius, length and material, first by increasing the
value of the applied load (small increments) the corresponding optimal
weight increases; and second, the same small increments in applied load
result in small variations in the optimal géometry (ax’ay’xxx’xyy’pxx’pyy’
and Z). Having made these observations (true for other load cases as well)

the question that must be answered is the following: Is it possible to

decrease slightly the applied load (by increasing the knockdown factor)

e . v e BT
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and have an optimal configuration which is less imperfection sensitive, thus
resulting in a lighter configuration, which can carry safely ny = 300 1lbs/in.?
Also, how imperfection sensitive is an optimal configuration obtained from

the linear buckling analysis optimization with a slightly higher applied ;'
load? In order to answer these two questions, optimal configurations are :1
generated for ﬁxyc1 = 394.7 1bs/in. and 435.0 lbs/in., and presented as \
points 4 and 5 on Table 1. As expected the corresponding weights are }‘
slightly lower and higher than that of point 1, respectively. By performing |
a nonlinear buckling analysis on these configurations (pts. 4 and 5) it is
clearly seen that both are more imperfection sensitive than that of point

1 and thus we may conclusively state that, the optimum geometry for the

problem in hand is given by design point 1. Note that the last row of

Table 2 gives the ratio of total weight to the critical torsion (shear
resultant) for each design. This ratio can be thought of as a performance

index for each design; the lower the ratio the better the design.
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APPENDIX A

COMPUTER PROGRAM
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APPENDIX B

Summary of Work Performed Under AFOSR~74-2655




T L R T R TS IR T I = By ey

The overall effort under grant AFOSR-74-2655 which deals with the
minimum weight design of fuselage-type stiffened cylindrical shells, can
best be described by giving a precise but general statement of the pro-
blem and by discussing individually all of the accomplishments.

The precise statement is as follows: given an internally stiffened,
imperfect, circular, cylindrical shell of specified material, radius, and
length, find the size, shape and spacings of the stiffeners and the thick-
ness of the skin, such that the resulting configuration can safely carry
a given set of destabilizing loads (applied individually or in combination)
with minimum weight. The solution of the problem required application of
modern optimization techniques, development of efficient solution methodo-
logies for finding critical conditions for stiffened shells under certain
loads and in the presence of initial imperfections, and incorporation of
all of the above into a single computer code.

The load cases considered are (a) uniform axial compression, (b) uni-
form or nonuniform lateral pressure and (c) uniform torsion. These loads
are representative of the types that the configuration is expected to
encounter in service when used either in an aerospace vehicle fuselage or
in a submarine hull.

The structural theories employed in the mathematical model are based
on the following assumptions.

(1) the material behavior is linearly elastic.

(2) the kinematic relations correspond to those of moderate rotations

[ (rotation)? << 1]

(3) the loads are applied quasi-statically

(4) the stiffener spacings are small and the connections are monoli-

thic so that the "smeared" technique be applicable

(5) the imperfection shapes are smooth functions of position and the

imperfection amplitude is reasonable from a manufacturing point
of view (several skin thicknesses).
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The overall effort can be divided in two parts (a) those problems which
are free of initial imperfections and for which linear buckling analyses
have been employed in the optimization technique and (b) those problems
which include geometric imperfections.

The accomplishments for each class of problems are listed separately.

OPTIMIZATION OF PERFECT GEOMETRY CYLINDERS
EMPLOYING LINEAR BUCKLING ANALYSES

The work associated with this phase of the research program has been
reported in detail, through three AFOSR Technical Reports (Refs. B.1-B.3)
and numerous publications in refereed journals (Refs. B.4-B.1ll).

In this phase, the design objective of the aforementioned optimization
problem is minimum weight. The general instability load(s) is considered
to be the one or one of the active failure modes (in some cases, applicable
to pressure loaded submarine hulls, skin yielding is considered to be the
active failure mode). Thus, in the optimization formulation this load is
taken as an equality constraint. All other failure modes are taken as
inequality constraints (behavioral). These include panel instability, lo-
cal instabilities of the skin and stiffeners and yielding of the skin and
stiffeners. Other inequality constraints are of the geometric type and
they represent realistic dimensions for some of the design variables such
as minimum gages for skin and stiffener thicknesses as well as limitations
on the stiffener spacings.

Moreover, because of the possibility of detrimental effects due to
failure mode interaction, the condition of separation of these modes is

imposed on the solution.
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The design variables of the problem are the skin thickness, the
stiffener spacings, the stiffener geometries (shapes considered are:
rectangular, R, angle, A, T-shapes, T, channel sections, C, I-sections, I,
hat-sections, H, and others), web and flange widths and thicknesses. The
number of these variables is eleven,but due to the small effect of the
stiffener web and flange thicknesses on the minimum weight,it is assumed
that these thicknesses are equal and thus the number is reduced to ten.
The load cases considered and reported in Refs. B.l-B.ll include (i) uni-
form axial compression, (ii) uniform pressure, (iii) torsion, and (iv) all
possible combinations of above.

Among the most important conclusions of this phase one may list: (a)
the developed methodology includes the following desirable features:

(i) The designer can easlly assess the need or lack of need for

stiffening in both directioms.

(ii) through no penalty or minimum penalty in weight the designer may

avoid failure mode interaction.
(iii) the designer may carry out important trade-off studies to arrive
at a practical minimum weight configuration.
(b) For axial compression and pressure loaded systems, the minimum weight
design is not unique. This means that, for a given set of the specified
parameters, the design variables can be adjusted so as to give several
acceptable designs corresponding to the same minimum weight.
(c) The optimum distribution of material is load case dependent and length
to radius ratio dependent. For moderate length cylinders (1/R.:}3), the
following observations are made;
(1) The optimum distribution of material corresponds to approximately
607 in the skin, 30% in the stringers and 10% in the rings for
axially loaded shells.

(ii) For pressure loaded shell, the optimum distribution of material
corresponds to 607% in the skin, 30% in the rings and 10% in the
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(iii)

(iv)

stringers.

For combined axial compression and pressure the combined stiffe-
ner material is approximately 40% of the total, but distributed
into stringer and ring material in accordance with the relative
amounts of pressure and axial compression (with respect to li-
near theory critical loads).

For pressure loaded shells the amount of ring material increases
with the L/R ratio (slightly).

(d) The optimum stiffener shape is also load case dependent.

(1)
(ii)
(iii)

For axially loaded stiffened shells the stringers must be T-
shaped, while the r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>